The astrophysically important electric quadrupole (E2) and magnetic dipole (M1) transitions for the low-lying states of triply ionized titanium (Ti IV) are calculated very accurately using a state-of-art all-order many-body theory called Coupled Cluster (CC) theory in the relativistic frame-work. Different many-body correlations of the CC theory has been estimated by studying the core and valence electron excitations to the unoccupied states. The calculated excitation energies of different states are in very good agreement with the measurements. Also we compare our calculated electric dipole (E1) transition amplitudes of few transitions with recent many-body calculations by different groups. We have also carried out the calculations for the lifetimes of the low-lying states of Ti IV. A long lifetime is found for the first excited 3d 2 D 5/2 state, which suggested that Ti IV may be one of the useful candidates for many important studies. Most of the results reported here are not available in the literature, to the best of our knowledge.
compared for few allowed transitions to check the accuracy of the numerical approaches used.
II. THEORY
Coupled Cluster (CC) theory for one electron attachment process
The CC theory in the relativistic framework can be extended open-shell theory based on the no-virtual-pair approximation (NVPA) along with appropriate modification of orbital form and potential terms [13] . Relativistic CC theory begins with Dirac-Coulomb Hamiltonian (H) for an N electron atom. The Fock-space multireference CC (FSMRCC) approach used for any valence orbitals is employed here.
Since the FSMRCC theory has been described elsewhere [14, 15, 16, 17] , we provide a brief review of this method. The FSMRCC theory for single valence orbital is based on the concept of the common vacuum for both the N and N+1 electron systems, which allows us to formulate a direct method of excitation energies. In this method the holes and particles are defined with 
Here {· · ·} stands for the normal odering of the creation and annihilation operators related with corresponding excitations operators, S. For example, the normal ordered form of the Dirac-Coulomb
Hamiltonian used here is given by
Here E DF is the Dirac-Fock energy, f is the one-electron Fock operator, a i (a † i ) is the annihilation (creation) operator (with respect to the Dirac-Fock state as the vacuum) for the ith electron.
At this juncture, it is convenient to single out the core-cluster amplitudes S (0,0) and call them T . The rest of the cluster amplitudes will henceforth be called S. Since Ω corresponding to the valence orbital v is in normal order, we can rewrite Eq.(2.2) as
(2.6) Now, if we define
with the operator P (k,l) is the model space projector for k-hole and l-particle, which satisfying complete model space condition. The "valence-universal" wave-operator Ω in Eq.(2.6) is parametrized in such a way that the states generated by its action on the reference space satisfy the Fock-space Bloch equation
To formulate the theory for direct energy differences, we pre-multiply Eq.(2.8) by e −T and get to the correlation to the valence orbitals, by an approximation that is similar in spirit to CCSD(T) [19] . The approximate valence triple excitation amplitude is given by 12) where S (0,1) pqr abk are the amplitudes corresponding to the simultaneous excitation of orbitals a, b, k to p, q, r, respectively; V T 2 and V S (0,1) 2 are the connected composites involving V and T , and V and S (0,1) , respectively, where V is the two electron Coulomb integral and ε's are the orbital energies.
III. COMPUTATIONAL PROCEDURE
The transition matrix element due to any operator D is evaluated in the CC method by expressing it as
Here, only consideraion comes from single power of the S (0,1) operator with S , which represent single excitation operators from valence orbital and double excitations from core-valence orbitals, respectively. Since the considered system is a single valence system, only one power of the S (0,1) operator will contribute in this CCSD(T) calculation.
For computational simplicity, we express D as effective terms using the generalized Wick's theorem [14] as
where we have used the abbreviations f.c., o.b. and t.b. for fully contracted, effective one-body and effective two-body terms respectively. In this expansion of D, the effective one-body and two-body terms are computed keeping terms of the form of
and
respectively. Other effective terms correspond to higher orders in the residual Coulomb interaction and hence they are neglected in the present calculation.
The reduced matrix element corresponding to E1, E2 and M1 transitions are given earlier papers written by few of the authors [20, 21] . The emission transition probabilities (in sec (−1) ) for the E1, E2 and M1 channels from states f to i are given by
where [j f ] = 2j f + 1 is the degeneracy of a f -state, S is the square of the transition matrix elements of any of the corresponding transition operator D, and λ (inÅ) are the corresponding transition wavelength.
IV. RESULT AND DISCUSSIONS
Many-body calculations started with closed shell coupled cluster calculations of Ti V. The reference state of this closed shell system is obtained from Dirac-Fock (DF) calculation using Gaussian type orbital (GTO) formalism [22] . this calculations are based on convergent criteria of core correlation energy for which it satisfies numerical completeness.
In Table I Table III the fine-structures of the 3d and 4p states. Former one falls in the infrared region, which has many applications in the plasma research and infrared laser spectroscopy [24] . The latter one falls in the optical region, has immense prospect in different atomic physics experiments. We have not reported wavelengths for most of other fine structure transitions those fall far beyond the infrared region.
Quantitative contributions from different correlation terms for few E2 transitions among lowlying states are presented in Table V . The table shows a comparative estimations of core- [12] . polarization, core-correlation and pair-correlation effects in these transitions. The diagrams involving these contributions are discussed in our earlier papers [25] . Though all order effect of core-polarization and pair correlation contributions are considered in the calculations here. Table   shows the lowest order contributions of them for few transitions among the low-lying states. The unusual strong core correlation, almost same as DF, contribution has been seen for E2 transition among the fine structure states of 4p. Core correlation are weakest among the three correlations presented in the table. Dominance of pair correlation effects over core polarization observed in all the transitions.
In ths similar manner the Quantitative contributions from different correlation terms for few M1 transitions among low-lying states are presented in Table VI. From the table VI, it is really interesting to see low correlation effects, especially, core porization effect is almost negigible up to the digits displayed in the table. Few cases, strong pair correlations are noticeable.
V. CONCLUSION
In this paper, we have reported the ionisation potential of a few excited states of Ti IV by using 
